The bias-field-dependent dielectricity of ferroelectric thin films is studied by use of a multilayer model capable of modeling saturated and unsaturated hysteresis behavior under arbitrary fields. The simulated minor hysteresis loops at different bias fields are used to calculate the variation of dielectric permittivity with the bias field. The -E loops show asymmetric shifting along the field axis when the film is assumed to possess a secondary dielectric layer with trapped charge. Simulated D-E and -E loops are compared with the experimental data on barium zirconate titanate and lead zirconate titanate thin films. In general, the model predictions show reasonably good agreement with experiment. Effects of charge density and the ac measurement field amplitude on the measured permittivity, as well as the dielectric tunability have also been examined.
I. INTRODUCTION
In recent years, experimental studies of the bias-fielddependent dielectric properties in ferroelectric films have attracted great research interest because their tunable dielectric characteristics allow the development of capacitive devices. [1] [2] [3] [4] Ferroelectrics possessing high tunability of permittivity can be used readily for tunable device applications. Moreover, reduction of device size is always desired for high-density usage and easy integration with other devices. With the advancements in fabrication and integration technology, research and development ͑R&D͒ in thin ferroelectric films is becoming quite intensified. Theoretical studies of the bias-field-dependent permittivity have also attracted great research interest in the literature. In modeling such properties, one notes that in reality the ferroelectric traces minor hysteresis loops under a small ac field, which is superimposed on a dc bias electric field. Therefore, an elaborate ferroelectric hysteresis model capable of modeling saturated and unsaturated loops in arbitrary fields is an essential tool to such a study. The model of Miller et al., 5 adopted in our previous works to study ferroelectric films and composites, [6] [7] [8] can in principle simulate unsaturated hysteresis loops. This model is computationally efficient and most of the general features of hysteresis behavior in ferroelectrics can be reproduced. However, minor loops calculated from this model show strong aftereffect phenomenon when the applied field is not symmetric. 9 In other words, minor loops drift with time until steady state is reached. The drift magnitude can be quite large and is considered unphysical. 10 On the other hand, hysteresis models based on the Preisach model can faithfully model physical minor loops for arbitrary fields. 9, 11 Therefore, a Preisach-type model is adopted in this work to study dielectric tunability in ferroelectric films.
On the other hand, measurement of hysteresis loops driven by a symmetric field may show anomalous horizontal offset for thin ferroelectric films. It has been widely accepted that this offset phenomenon is most likely not an intrinsic behavior of ferroelectric hysteresis loops. Possible origins have been suggested, such as oxygen vacancies, [12] [13] [14] [15] lattice mismatch, 16 dopant, and illumination, 17 although it may very well be due to trapped charge carriers in the sample. 12, [18] [19] [20] [21] Similar horizontal shift phenomenon has also been observed in the measurement of bias-field-dependent dielectricity. 2, 3 This is probably due to the same mechanisms as that observed in conventional hysteresis measurement.
In this article, theoretical simulations of hysteresis loops as well as the bias-field-dependent permittivity of thin ferroelectric films are performed with different applied field schedules. Following the techniques widely accepted in the literature, a thin ferroelectric film is assumed to possess a dead layer region ͑i.e., a weak ferroelectric/dielectric layer͒ which is presently modeled by a multilayer structure. 5, 12, 22 The simulated D-E loops are Fourier analyzed to obtain the bias-field dependence of dielectric permittivity. Numerical simulation of the permittivity is compared with the experimental data for lead zirconate titanate ͓Pb͑Zr 0.52 Ti 0.48 ͒O 3 ͔ ͑Ref. 1͒ and barium zirconate titanate ͓Ba͑Ti 0.85 Zr 0.15 ͒O 3 ͔ thin films.
2 The results will be shown to agree fairly well with the experimental data. In addition, the effects of charge density and the applied ac field amplitude on the simulated -E loops will also be examined.
II. MULTILAYER MODEL FOR THIN FERROELECTRIC FILMS
To study the dielectricity of a ferroelectric film, we will first model the hysteresis loops of the film. We assume a small nonferroelectric region ͑or dead layer͒ is formed at the ferroelectric film sample-electrode interface. 5, 12, 22 We also assume this nonferroelectric region can have trapped charge, 12,18-21 which is not necessarily uniform across the dead layer of the sample. In this work, we adopt a multilayered structure to model this configuration for thin films. The first layer in the multilayer model represents the bulk region of the film and the remaining m layers are for the dead layer region. This configuration allows us to conveniently model the trapped charge in the dead layer as the interfacial charge in between layers. The constitutive equations for the bulk and dead regions are
where D is electric displacement, is permittivity, E is electric field and P is polarization. Subscripts f and d denote the bulk region and the dead layer of the sample, respectively. i can be from 1 to m. In the literature, many investigators take d Ͻ f . We shall also apply this condition in the present study.
When an external electric field E a is applied in the thickness direction across the film,
where represents the thickness ratio of the dead layer region in the ferroelectric thin film. As shown in Eq. ͑2͒, we assume for convenience that all constituent layers of the dead layer have even thicknesses. The boundary conditions for continuity of current density require
where is electrical conductivity. Using Eqs. ͑1͒-͑3͒ and the relation ‫ץ‬P f / ‫ץ‬t = ͑‫ץ‬P f / ‫ץ‬E f ͒͑‫ץ‬E f / ‫ץ‬t͒, we obtain, after some manipulation,
constitutes m first-order differential equations. For a given external electric field E a , we may obtain E d,i as a function of time t when the P-E relations for the bulk region is known, and E f is calculated via Eq. ͑2͒. Then the measured electric displacement of the sample at a certain time t 0 can be obtained from current integration: D͑t 0 ͒ = ͐ 0 t 0 Jdt. Concerning the trapped charge in the dead layer, we use
where is the interfacial charge density and k can be from 1 to m − 1. For experimental D-E or -E loops exhibiting horizontal shift, we assume the dead layer has trapped a finite amount of charge so that there is an internal electric-field buildup, thus the initial value for E f and E d can be calculated by Eqs. ͑1͒, ͑2͒, and ͑5͒ with E a initially zero.
In this work, we have adopted a hysteresis model which is derived from the Preisach model. 11 The branch of the major ͑or saturated͒ hysteresis loop for increasing E f is ͑see Appendix͒
where
and symbols P s and E c denote saturation polarization and coercive field, respectively. The descending major curve is taken as P f,sat − ͑E f ͒ =−P f,sat + ͑−E f ͒. Superscript "ϩ" and "Ϫ" represent ‫ץ‬E f / ‫ץ‬t Ͼ 0 and ‫ץ‬E f / ‫ץ‬t Ͻ 0, respectively. P rev,j ͑ j ͒ represents the reversible component in Eq. ͑7͒. In this model, n, w j , j , and r j are parameters for fitting to the shape of a given major hysteresis loop by superposition of a number of Preisach distribution functions ͑see Appendix͒.
Suppose E f = 0 and P f = 0 initially. When E f increases monotonically, the derivative of polarization with respect to E f is ͑see Appendix͒
, where E 0 and E 1 are two successive extrema of the field history, then the derivative of polarization is ͑see Appendix͒
For decreasing E f ͑i.e., ‫ץ‬E f / ‫ץ‬t Ͻ 0͒, explicit expressions for
may also be written by using the following relations:
III. METHODOLOGY FOR MEASUREMENT OF DIELECTRICITY
To investigate the bias-field-dependent dielectricity of a ferroelectric sample, the external field E a in Eq. ͑4͒ is set as follows: a small measuring ac electric field E a ac with high frequency is superimposed on a dc bias field E a dc . After a measurement is made, the bias field is adjusted for another measurement. In this work, E a ac is taken as a sinusoidal wave and a typical schedule of E a is shown in Fig. 1͑a͒ . In the figure, we assume 20 measurements for E a ramping up and another 20 measurements for ramping down ͑40 measurements in total͒. Figure 1͑b͒ shows a typical dc bias field E a dc followed by the measuring sinusoidal field E a ac ϳ sin t. For the sake of illustration, only four ac cycles are shown for each measurement. In our simulations, more ac cycles for E a ac are adopted so that a steady-state value for each measurement is obtained.
In this work, we have taken n = 5 in Eq. ͑6͒ to compose a saturated loop ͑major loop͒ for the barium zirconate titanate ͑BZT͒ and lead zirconate titanate ͑PZT͒, and the results are shown in Fig. 2 . Our adopted P f,sat -E f loop for model calculation has P s = 3.426 C/cm 2 , E c = 7.5 kV/ cm and P s = 23.9 C/cm 2 , E c = 33 kV/ cm for BZT and PZT, respectively. Other parameters including w j , r j , and j are listed in Tables I and II . Taking the saturated loop ͑P f,sat -E f ͒ of BZT in Fig. 2͑a͒ as an example to solve Eq. ͑4͒, together with the parameters listed in Table III , we obtain a "fatter" hysteresis FIG. 1. ͑a͒ The time variation of E a for implementing the methodology in Sec. III. The figure assumes 20 measurements per cycle. ͑b͒ A typical applied field schedule to measure permittivity. E a increases by a step followed by a sequence of ac cycles for each permittivity measurement.
loop shape comprising a set of "small" D ac -E a ac hysteresis loops, such as shown in Fig. 3 ͑see Sec. IV for description͒. Each D ac -E a ac loop is used to obtain a permittivity value which eventually leads to a profile of dielectricity with biasfield dependence. Using the Fourier transform technique, the electric field E a ac ͑t͒ and the electric displacement D ac ͑t͒ of the film can be expressed as 
͑17͒
From Eq. ͑17͒, the dielectric constant ͑ r = / 0 where 0 is the permittivity of vacuum͒ for each D ac -E a ac hysteresis loop can be calculated. Thus, the variation of dielectric constant r of the ferroelectric with bias electric field E bi is also obtained. The corresponding dielectric tunability Q of the material is defined as
IV. RESULTS AND DISCUSSION

A. Modeling parameters and the hysteresis loops of ferroelectric films
Tohma et al. have measured the D-E loop of a BZT thin film at 100 Hz and the bias-field-dependent permittivity. 2 The amplitude of E a ac is 1.5 kV/ cm and the permittivity measurement is set at 100 kHz. We have composed a saturated loop for the bulk region of BZT ͓Fig. 2͑a͔͒ with the parameters adopted in Eq. ͑6͒ shown in Table I . These parameters will also be adopted for the calculations of unsaturated loops by using Eqs. ͑11͒ and ͑13͒. Other properties of BZT adopted for the calculations are shown in Table III . As dead layers are normally thin with a reduced dielectricity than in the rest of the film, 12, 23 we have therefore adopted = 0.05, f = 310 0 , and d = 260 0 . Since in our model denotes the slope of a D-E loop at P = P s ͓see Eq. ͑1͔͒, the values for f and d are chosen in a way that the calculated r of the BZT film agree well with the experimental values at the highest bias field. Fig. 4͑a͒ is traced by a sinusoidal wave of 100 Hz, 2 while those in Fig. 3 are traced by a schedule for E a similar to that in Fig. 1͑a͒ , but 56 measurements per cycle are adopted rather than 40 in Fig.  1͑a͒ . The result upon Fourier transforming the minor loops in Fig. 3 becomes a r -E of sampling delay. Our composed saturated loop for the bulk region of PZT is shown in Fig. 2͑b͒ and the parameters adopted in Eqs. ͑4͒-͑6͒, ͑11͒, and ͑13͒ are listed in Tables II  and III . Since both the D-E and -E loops measured by Vieitez et al. are almost symmetrical, we have set i = 0 and m =1 ͑i.e., no initial trapped charge͒. Using the saturated loop in Fig. 2͑b͒ Figure 4 demonstrates that our proposed model is able to fit reasonable well to the D-E curves of BZT and PZT thin films. In Fig. 4͑a͒ , a clear horizontal shift of the hysteresis loop is shown. This phenomenon has been discussed in the literature and a possible origin is the trapped charge in the dead layer of the film. Although our modeled shift magnitude is larger than the experimental, the loop shape is very close to that measured. The simulated loop shown in Fig. 4 is the second cycle after the application of the external ac field. Figure 5͑a͒ shows the comparison between our modeled results and the experimental data of bias-field-dependent permittivity for BZT. Using the same constituent properties as for modeling the D-E loop in Fig. 4͑a͒ , the simulated permittivity of the BZT thin film is obtained by using the methodology given in Sec. III. Each bias-field-dependent permittivity is based on the corresponding minor loop which should be very close to the steady state. We see in Fig. 5͑a͒ that almost all features of the experimental curve can be reproduced. Note that the horizontal shift is more significant when E a is ramped down ͑decreasing field͒ ͓versus when E a is ramped up͔. This feature is also roughly reproduced by our simulation, even though our modeled r -E bi loop has a slightly smaller horizontal shift than experiment for the region of positive bias fields. The dielectric tunability which is about 53% ͓calculated by Eq. ͑18͔͒ has been faithfully reproduced by our model. In Fig. 5͑b͒ , an alternative definition to calculate the r of BZT thin film is adopted and results are compared with the experimental data. Here r is obtained from the slope of the D-E loop traced by an external sinusoidal field ͑i.e., the derivative of D with respect to the electric field E, conventionally adopted by many authors͒. It is seen that this r curve is very far away from that of the experimental curve. We can conclude that the experimental permittivity is not equal to the widely accepted "theoretical permittivity." Concerning the comparison between our modeled r -E bi loop and the experimental data of Vieitez et al. for PZT, fairly good agreement is also obtained ͑Fig. 6͒. The experiment constitutes 60 measurements for E a ramping up and another 60 measurements for ramping down ͑120 measurements in total͒. The experiment showed a maximum tunability of 68% under a bias field of 170 kV/ cm. This tunability was equally high as compared to 70% reported for the PZT thin film ͓also Pb͑Zr 0.52 Ti 0.48 ͒O 3 ͔ under a bias of about 300 kV/ cm by Maleto et al. 24 If a much higher bias field is adopted by Vieitez et al., larger tunability of r than that shown in Fig. 6 may be possible.
B. Comparison with experimental r -E bi loops
C. Effects of ac measurement field and charge density on the horizontally shifted r -E bi loops of BZT
Apart from the above, we have also tried different parameters in the calculations on the bias-field-dependent permittivity. Hereafter, we concentrate on the system of BZT. First, we use different amplitudes of E a ac ͓denoted by max͕E a ac ͖͔ to recalculate the r -E bi loop. Figure 7 shows that a larger E a ac amplitude can increase the permittivities at all bias fields under investigation. The dielectric tunability also increases as the amplitude of E a ac increases. This is consistent with the finding of Tohma et al. 2 In the figure, the largest max͕E a ac ͖͑=15 kV/ cm͒ is twice the coercive field of BZT, which may be much larger than is used in most practical measurements. However, this field strength is still much smaller than the required value to trace D ac -E a ac loops similar with the saturated loop ͓see Fig. 2͑a͔͒ . Thus the calculated maximum r is still smaller than the "conventional" values shown in Fig. 5͑b͒ . In addition, the decrement of permittivities for decreasing max͕E a ac ͖ shown in Fig. 7 will actually continue until max͕E a ac ͖Ϸ0.05 kV/ cm. When max͕E a ac ͖ Ͻ 0.05 kV/ cm, steady state is reached and no further notable decrement is observed. One more point to note from Fig. 7 ͓also Fig. 5͑a͔͒ is that all permittivities shown are larger than the values adopted for f and d . This feature will not emerge if we do not consider the role of the ferroelectric hysteresis loop.
The profile of the r -E bi loop is also affected by the number of measurements. In Figs. 5͑a͒ and 7 , we used 56 measurements ͑28 measurements for ramp up and another 28 measurements for ramp down͒ versus 54 measurements performed by Tohma et al. Now we use 28 and 112 measurements to recalculate the r -E bi loop. Figure 8 shows that this 
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Wong, Tsang, and Shin J. Appl. Phys. 98, 074101 ͑2005͒ variation does not have much effect on the extrema values of dielectric constant and hence tunability. However, an increased number of measurements tends to reduce the horizontal shift of the r -E bi loop. This is essentially the effect of the finite conductivity of the materials, which gives rise to charge flow and influences the charge density. A greater number of measurements allows charges more redistribution time, but using a smaller value would slow the charge movement. Hence, the number of measurements may have negligible effect for low-conductivity films unless the measurement time is sufficiently long. In Fig. 9 , different values of charge density i have been adopted to examine the horizontal shift phenomenon in the r -E bi loop. In the figure, all the modeled results use the same constituent parameters as in Fig. 5͑a͒ with uniform profile of i . Only the increasing branches of these curves are shown in the figure for the sake of clarity. When the passive layer has i = 0, the r -E bi loop centers at the origin. However, the decreasing branch ͑not shown͒ of the r -E bi loop remains slightly left shifted relative to the increasing branch. This phenomenon is normal and can be noted from previous experimental results. [2] [3] [4] For i = 0.5 C/cm 2 , a notable horizontal shift is observed. Suppose i is increased further to 0.7 C/cm 2 , a more pronounced horizontal shift is observed ͓the same set of parameters as adopted for Fig. 5͑a͔͒ . We also found that near maximum horizontal shift is already achieved for i slightly larger than 0.7 C/cm 2 . When the sign of i is negative, the r -E bi loop shifts to the opposite direction with slightly smaller shift magnitude. We will obtain an unchanged shift magnitude of r -E bi loop for i = −0.7 C/cm 2 ͑as for i = 0.7 C/cm 2 ͒ if we first trace the negative bias fields before the positive bias fields. The above analyses have been confined to the r -E bi loops. Actually, the general feature of horizontal shift induced by a higher or lower is identical in the D-E a loop ͑i.e., a larger magnitude of gives more shift and its sign determines the shift direction͒. In view of the shift phenomenon demonstrated above for both r -E bi and D-E a loops, the origin of horizontal shift observed in the experimental data of Vieitez et al. and Tohma et al. may very well be originated from the charged dead layer in the films.
In the above analysis, we have introduced a passive nonferroelectric layer at the film-electrode interface to model the inhomogeneity of polarization and permittivity across the interface. We have also assumed that this layer possesses uniform permittivity and charge density. This approach had already been able to demonstrate that a charged dead layer is able to lead to horizontal offsets observed in experiments. Actually, structural or other variations adjacent to the interface between the bulk and dead layers are expected to be gradual. If
is substituted for the second equation in Eqs. ͑1͒, the model can also be used to study D-E a and r -E bi loops with nonuniform profile of d,i , P d,i , and i . However, so far only very few experimental investigations have been performed to study the variations of such parameters adjacent to the film-electrode interface.
V. CONCLUSIONS
The bias-field-dependent permittivity of BZT and PZT thin films has been studied by assuming a dead layer region is formed at the film-electrode interface, which possesses reduced dielectricity and ferroelectricity. The presence of this region is conveniently tackled by a multilayer model. The simulated unsaturated D-E loops are Fourier transformed to obtain the r -E bi loop. Comparison with experimental data shows good agreement. In contrast, theoretical calculations of r based on the derivative of D with respect to E for the major hysteresis loop do not fit well with the measured values. This confirms that consideration of minor hysteresis loops is essential. Our simulated r -E bi loop for the BZT thin film shows an asymmetric behavior of high dielectric tunability which is found to be significantly affected by the ac component in the applied field schedule. When initially trapped charge is given to the dead layer region, the r -E bi loop reveals a horizontal shift, analogous to the shift phenomenon for the D-E loops frequently revealed in thin films. 
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APPENDIX
In the Preisach model, 9,11 the polarization of the ascending and descending major curves of a hysteresis loop can be written as
where ဧ͑U , V͒ is the normalized Preisach distribution function which may be divided into two components: irreversible and reversible components, i.e.,
r is the weight of the reversible component in the Preisach function and P s represents saturation polarization. Now consider a virgin material ͑no residual fields initially͒ on which a field E is applied. The derivative of polarization respect to E is
when the applied field E is increasing and decreasing, respectively. Assume that E 0 and E 1 are two successive extrema of the field history and E 0 Ͻ E 1 . If now the applied field E increases from E 0 to E such that E 0 ഛ E Ͻ E 1 , the derivative of polarization respect to E is
For E 0 Ͼ E 1 and the applied field E decreases from E 0 to E such that E 0 ജ E Ͼ E 1 , the derivative of polarization respect to E is
͑A7͒
Using Eqs. ͑A1͒-͑A7͒, the polarization of a ferroelectric material after going through an arbitrary field history can be calculated.
In this work, the irreversible Preisach function ဧ irr ͑U , V͒ is assumed to be a product of distributions of U and V:
where h = ln
and E c denotes coercive field. The factor is an adjustable parameter to fit the shape of the experimental major curve. It essentially describes the dispersion of the distributions of U and V. Note that the expression for polarization depends on the history of the field applied onto the material. The advantage in choosing this function is that it can provide explicit forms for arbitrary reversal polarization curves, the virgin curve ͑from P =0͒, and major loop of a ferroelectric. The reversible Preisach function ဧ rev ͑U , V͒ is taken as
where ␦ is the Dirac delta function. The closed form expressions for Eqs. ͑A2͒, ͑A5͒, and ͑A7͒ can also be derived in a similar way. In general, the presently adopted form of Preisach functions ͓Eqs. ͑A8͒ and ͑A9͔͒ may only describe limited kinds of hysteresis loop shapes. To extend the usage of this model for a broader variety of loop shapes, the polarization major curve may be written as a linear combination of the standard shape described by Eq. ͑A10͒ with each one having its own set of r and ͑distinguished by subscript j͒. Hence, P f,sat + ͑E f ͒ = ͚ j=1 n w j P sat,j + ͑r j , j ͒, ͑A15͒
and for the derivative of unsaturated polarizations:
where ‫ץ‬P j,0 + ͑r j , j ͒ / ‫ץ‬E f and ‫ץ‬P j + ͑r j , j ͒ / ‫ץ‬E f are calculated by Eqs. ͑A13͒ and ͑A14͒, respectively. The quantities appearing on the left-hand side of Eqs. ͑A15͒-͑A17͒ are adopted in Eq. ͑4͒. The values of w j , r j , and j may be obtained by fitting mathematically to experimental loops using Eq. ͑A15͒ if measurement of the major curve is available. Otherwise, they may also be judiciously chosen for the shape of some standard major loops.
